The highly crystalline and pure RUT (RUB-10) zeolite could be obtained from the hydrothermal conversion of FAU zeolite used as a crystalline Si/Al source in tetramethylammonium hydroxide (TMAOH) media. As compared to amorphous silica/Al(OH) 3 and amorphous silica/γ-Al 2 O 3 sources, the crystallization rate for the formation of RUT zeolite was clearly faster when FAU zeolite was employed as the Si/Al source. Moreover, it was found that the hydrothermal conversion of FAU zeolite into RUT zeolite depended significantly upon the Si/Al ratio of the starting FAU zeolite. FAU zeolite could be hydrothermally converted into the highly crystalline and pure RUT zeolite under the following molar ratios: Si/Al = 17-28, TMAOH/SiO 2 = 0.2 and H 2 O/SiO 2 = 3-7.
Introduction
Before the framework type was assigned to be RUT zeolite by IZA [1] based on the work of Gies et al. [2] , the zeolite had been known as Nu-1 (nomenclature-unknown- 1) zeolite. The synthesis of aluminosilicate Nu-1 zeolite was reported in detail for the first time by Whittam et al. in 1977 [3] . It was claimed that Nu-1 zeolite has Si/Al ratio of 10 to 75 and that its H-form shows high activity and selectivity for xylenes isomerization.
The hydrothermal synthesis was performed in the presence of tetramethylammonium (TMA) cations as organic structure-directing agent (OSDA). After this disclosure, the attempts to extend synthesis area yielded the remarkable achievement through the synthesis of boron isomorphous substituted Nu-1 zeolite (B-Nu-1) [4] . Moreover, in 1990 Bellussi et al. reported the possibility of synthesizing Nu-1 zeolite-like materials with boro-, gallo-, ferro-and aluminosilicate frameworks using TMAOH in the presence and absence of Na + cations [5] . In near-neutral fluoride containing media, Patarin et al. succeeded in the preparation of pure aluminosilicate Nu-1 zeolite even in a very narrow range of experimental conditions [6] . Almost two decades after Nu-1 zeolite was discovered, however, the crystal structure had remained unrevealed due to its microcrystallinity and poor crystallinity. In 1995 Gies et al. described the detailed ab initio analysis and the refinement of the crystal structure of RUB-10 (RUT) zeolite, a borosilicate Nu-1 zeolite, from low resolution powder X-ray diffraction data using
Patterson search methods in combination with chemical analysis and physical characterization [2] . At the same year by the use of synchrotron powder diffraction data Broach et al. determined the structure of TMA silicate that has a chemical composition and XRD pattern similar to that of Nu-1 zeolite [7] . Furthermore, Ahedi et al. [8] and
Bhaumik et al. [9] described the synthesis of titanium substituted Nu-1 zeolite.
Although the pure phase of all silica Nu-1 zeolite could not be obtained, Marler et al.
[10] published the preparation of it by using pyrrolidine as OSDA instead of TMAOH (a well-known OSDA for RUT) in the presence of ammonium fluoride. From the above reports, moreover, it seems that in general the synthesis of RUT zeolite favors either the media containing Na + cations or high synthesis temperatures (150 -180°C). Despite such system, in order to obtain the highly crystalline and pure RUT zeolite the synthesis commonly requires prolonged crystallization time.
Recently, the hydrothermal conversion of one zeolite into another, i.e. inter-zeolite conversion has drawn a lot of attention as an alternative synthesis strategy for zeolite synthesis [11] [12] [13] [14] . Zones et al. reported that by the use of boron beta zeolite inter-zeolite conversion demonstrates enhanced nucleation, increased reaction rates and greater flexibility in choice of template and new possibilities for lattice substitution.
Furthermore, it is believed that the crystalline starting material reduces supersaturation level and may have different surface reactivity for the generation of heterogeneous nucleation sites [11] . However, a detailed crystallization process (i.e. any evidence for an entity bringing about the above phenomena) during inter-zeolite conversion has not been clarified yet.
We have also investigated the potential of the hydrothermal conversion method, and very recently have reported the hydrothermal conversion of FAU zeolite into *BEA zeolite [15] . It was found that when the amount of tetraethylammonium hydroxide (TEAOH) added as OSDA is small, the crystallization rate toward *BEA zeolite from FAU zeolite is obviously faster than that from amorphous silica/γ-Al 2 O 3 . We supposed that the hydrothermal conversion route is of an alternative strategy for synthesizing zeolite. In the present study, we investigated the possibility of zeolite synthesis with different zeolite frameworks using several OSDAs and succeeded in the hydrothermal conversion of FAU zeolite into highly crystalline and pure RUT zeolite in TMAOH media. The influences of hydrothermal conversion parameters on RUT zeolite synthesis are discussed in detail. 
Experimental

Characterization
The X-ray diffraction (XRD) patterns of the solid products were collected by powder Si/Al ratios were determined by X-ray fluorescence (XRF, Philips spectrometer PW 2400). 0.5 g of sample was fused with 5 g of dilithium tetraborate (Li 2 BB 4 O 7 ) at 1100°C.
The Si/Al ratio was calculated by using Si and Al concentrations determined by the corresponding calibration curves. This Si/Al ratio accuracy has been confirmed by inductively-coupled plasma optical emission spectroscopy (ICP-OES, Seiko SPS 7700).
The crystal morphology was observed using scanning electron microscopy (SEM, JEOL JSM-6320FS). Thermal analysis was carried out using TG/DTA (SSC/5200 Seiko Instruments). The sample about 7 mg was heated in a flow of air (50 mL/min) at 10°C/min from room temperature to 800°C. C CP/MAS NMR and Al MAS NMR spectra were recorded using a 7 mm diameter zirconia rotor on Bruker Avance DRX-400 at 100.6 MHz and 104.3 MHz, respectively. The rotor was spun at 4 kHz for C CP/MAS NMR and 9 kHz for Al MAS NMR. The spectra were accumulated with 6.0 μs pulses, 25 s recycle delay and 1000 scans for C CP/MAS NMR, and 2. Cl for 24 h.
Results and discussion
At first, in order to study the influence of Si/Al ratio of the starting FAU zeolite on RUT zeolite synthesis, FAU zeolites with various Si/Al ratios were prepared by the dealumination treatment and subjected to the hydrothermal treatment. The hydrothermal conversion conditions are listed in detail in Table 1 . Fig. 1 shows the XRD patterns of the starting FAU zeolites with various Si/Al ratios and the products obtained after the hydrothermal treatment for 6 days. From these results, it was found that although the hydrothermal conversion toward pure RUT zeolite strongly depended upon the Si/Al ratio of the starting FAU zeolite, which was similar to the crystallization of *BEA zeolite from FAU zeolite [15] , the highly crystalline and pure RUT zeolite could be easily obtained without any impurity. As stated in the introduction section, the synthesis of RUT zeolite seems to be difficult because some zeolitic phases commonly coexist with RUT zeolite as impurities. However, by the present route even at moderate temperature (i.e. 140°C) and the absence of Na + cations, the highly crystalline and pure RUT zeolite could be obtained from FAU zeolites with Si/Al ratios of 17 -28; while Si/Al ratios of 14 and 33 yielded RUT zeolite together with SOD (sodalite) zeolite (denoted by asterisk in Fig. 1 (B)-a) and amorphous phase, respectively. Fig. 2 shows the SEM images of RUT zeolites obtained. After thorough observation, we could not find any crystals of the starting FAU zeolite. Only crystals of RUT zeolite with disk-like morphology were observed. The disk-like morphology of RUT zeolite observed here agrees with the results reported by Hao et al. [16] . Taking into account the fact that the Si/Al ratio of RUT zeolite was almost consistent with that of the starting FAU zeolite (see below), these results strongly indicate that FAU zeolite was completely converted into RUT zeolite during hydrothermal treatment in TMAOH media. Moreover, from Table 1 it was observed that when the Si/Al ratios were 10 and 14, i.e. higher aluminum content, the formation of SOD zeolite considerably competed with RUT zeolite. It seems that high aluminum system favors the formation of SOD zeolite (see below).
In the case of the synthesis of *BEA zeolite from FAU zeolite, as the starting material from FAU zeolite showed faster crystallization rate toward *BEA zeolite, compared to amorphous silica/γ-Al 2 O 3 , we supposed that local-ordered aluminosilicate species (zeolitic building units) originated by the decomposition and dissolution of FAU zeolite framework under alkaline media of TEAOH may be present. We put forward the hypothesis based on the following considerations. To start with, Davis et al. who also studied the inter-zeolite conversion suggested a possibility of an existence of such aluminosilicates species, whose structure and concentration were affected by the framework type and composition of the starting zeolite [14] . Furthermore, Matsukata et al. [17] and Pinnavaia et al. [18] also showed the presence of aluminosilicate species by analyzing the mesoporous materials prepared using the solution obtained from the dissolution of ZSM-5 zeolite. Thus, in order to further support the hypothesis, we studied the crystallization kinetics of RUT zeolite with various Si/Al sources. The crystallization curves are presented in Fig. 3 . It became clear that the crystallization rate toward RUT zeolite from FAU zeolite was obviously faster than that from amorphous silica/Al(OH) 3 and amorphous silica/γ-Al 2 O 3 sources. To obtain highly crystalline RUT Fig. 3 ), respectively; while for FAU zeolite source it only required 6 days. These data also seem to strongly support our hypothesis that the local-ordered aluminosilicate species originated by the decomposition and dissolution of FAU zeolite framework may exist and be taking part in the construction of another zeolite framework in the presence of a specific OSDA. Although the hypothesis only indirectly describes the phenomena, in
order to obtain the direct evidence the thorough investigation is now in progress. The use of zeolite as an alternative Si/Al source therefore provides several advantages in the enhancement of crystallization rate and the description of synthesis mechanism.
Moreover, for comparison with the system prepared under the presence of Na + cations, we also performed the synthesis involving sodium aluminate as aluminum source together with sodium source consequently. The result that the crystallization rate from this system is faster than that from FAU zeolite was observed (Fig. 3) . It should be noted that because in this system there are additional hydroxide ions from sodium aluminate that is bringing about the gel more soluble and more reactive and thus enhancing crystallization rate, it is almost impossible to compare this system to that from FAU zeolites directly. However, the information which can be achieved here is that the use of FAU zeolite considerably enhances the crystallization rate and the enhancement is comparable to that with sodium aluminate.
Furthermore, other parameters involved in hydrothermal conversion such as temperature, H 2 O/SiO 2 ratio and TMAOH/SiO 2 ratio were also investigated thoroughly.
In Table 1 when the starting FAU zeolite with Si/Al ratio of 22 was subjected to hydrothermal treatment at 170°C, the crystalline RUT zeolite could be obtained even after 2 days of heating (Sample no. 8). This phenomenon can be easily explained as follows; since with the increase of synthesis temperature the decomposition and dissolution rate of the starting FAU zeolite also remarkably increases, the assembly rate (i.e. nucleation rate) and the crystal growth rate of RUT zeolite increase as well. Fig. 4 shows XRD patterns of solid products obtained from FAU zeolites with various H 2 O/SiO 2 ratios. It was found that in the range of H 2 O/SiO 2 ratios of 3-7, the highly crystalline RUT zeolites without any impurity could be achieved with this route (Fig. 4 , Sample nos. 6, 7 and 9). On the other hand, while the H 2 O/SiO 2 ratio was 10, RUT zeolite along with amorphous phase was observed. This implies that more dilute system, namely less reactive, seems to be not favorable to the growth of RUT zeolite. Indeed, the more dilute system decreased the crystallization rate toward RUT zeolite. The SEM images of them are exhibited in Figs. 5 and 2(c). There was nearly no difference in the crystallites size and morphology even synthesized with different H 2 O/SiO 2 ratios (3-7).
Moreover, Fig. 6 shows the XRD patterns of samples obtained from FAU zeolites prepared with various TMAOH/SiO 2 ratios. It was clear that only TMAOH/SiO 2 ratio of 0.2 could transform FAU zeolite into highly crystalline and pure RUT zeolite (Fig. 6(b) ), while TMAOH/SiO 2 ratios of 0.1, 0.3 and 0.4 produced a small amount of undissolved FAU zeolite together with amorphous phase, RUT zeolite coexisted with a small amount of SOD zeolite and SOD zeolite with a small amount of RUT zeolite, respectively (Figs. 6(a), (c) and (d)). These results can be explained as follows. When the amount of TMAOH is small (TMAOH/SiO 2 = 0.1), the alkalinity of system required to decompose or dissolve FAU zeolite decreases and thus are not enough to break up FAU zeolite completely. On the other hand, with the increase of amount of TMAOH the alkalinity also increases consequently. In the case of the synthesis of *BEA zeolite in TEAOH media, it has been already recognized that in extremely high alkalinity the aluminum-core is more favorable than the silicon one [19] [20] [21] . Therefore, in the case of TMAOH, the similar argument can be deduced. However, because TMA + cations are well-known as OSDA for the synthesis of SOD zeolite, an aluminous clathrasil [22] [23] [24] , the favorable aluminum core leads to the preferential formation of SOD zeolite. Sample nos. 2 and 3 in Table 1 also supported this argument.
Moreover, the subsequent analyses were conducted in order to get information exothermic profile centered at 250°C is attributed to the decomposition and oxidation of either TMAOH occluded in pores [24] or TMA + cations interacting with silanol groups of crystal defects. Next, the third zone with exothermic profile centered at 450°C is assigned to the decomposition and oxidation of TMA + cations balancing the negative charge of framework generated by Al [25, 26] . The forth zone with exothermic profile centered at 600°C corresponds to the decomposition and oxidation of either hydrocarbon residue produced on acid sites or pyrolysis products in the former steps.
The fifth zone with a slightly endothermic profile indicates the dehydration through the condensation of silanol groups [27] , which seems likely to imply the structure collapse.
Based on the profiles described above, the weight losses between 200 and 700°C that are corresponding to the total decomposition of organic moieties are about 15.2 wt% (ca. MAS NMR measurements also found the similar results in *BEA zeolite [29] . Yet, in the 27 Al MAS NMR spectrum of RUT zeolite calcined at 500°C for 10 h (Fig. 9(b) ), the considerable decrease in the intensity of resonance for framework aluminum was observed, indicating severe dealumination.
Conclucions
The hydrothermal conversion parameters influencing the conversion of FAU zeolite into RUT zeolite in the presence of TMAOH were investigated in detail. As compared to amorphous silica/Al(OH) 3 27 Al MAS NMR spectrum of as-synthesized RUT zeolite showed that tetrahedrally coordinated aluminum species could be resolved into at least two crystallographically distinct T-sites. The absence of octahedrally coordinated aluminum species implied that all of aluminum species are present within the zeolitic framework before calcination. 
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Al MAS NMR spectra of (a) as-synthesized and (b) calcined sample no. 7. 
